Rhizobium leguminosarum bv. trifolii mutants unable to catabolize the methyl-pentose rhamnose are unable to compete effectively for nodule occupancy. In this work we show that the locus responsible for the transport and catabolism of rhamnose spans 10,959 bp. Mutations in this region were generated by transposon mutagenesis, and representative mutants were characterized. The locus contains genes coding for an ABC-type transporter, a putative dehydrogenase, a probable isomerase, and a sugar kinase necessary for the transport and subsequent catabolism of rhamnose. The regulation of these genes, which are inducible by rhamnose, is carried out in part by a DeoR-type negative regulator (RhaR) that is encoded within the same transcript as the ABC-type transporter but is separated from the structural genes encoding the transporter by a terminator-like sequence. RNA dot blot analysis demonstrated that this terminator-like sequence is correlated with transcript attenuation only under noninducing conditions. Transport assays utilizing tritiated rhamnose demonstrated that uptake of rhamnose was inducible and dependent upon the presence of the ABC transporter at this locus. Phenotypic analyses of representative mutants from this locus provide genetic evidence that the catabolism of rhamnose differs from previously described methyl-pentose catabolic pathways.
Rhizobium leguminosarum bv. trifolii is a gram-negative aerobic soil bacterium that can exist as a free-living heterotropic saprophyte or can form nitrogen-fixing nodules on various species of clovers (Trifolium spp.). The interaction of rhizobia with their hosts is a sequence of events that begins with an exchange of signals in the rhizosphere, followed by the invasion of the plant through infection threads and ultimately by release of the bacteria into plant cells, where they differentiate into nitrogen-fixing bacteroids. Through this symbiotic association, the plant provides the bacteria with energy for growth, and in return the Rhizobium provides the plant with fixed nitrogen. Although a great deal has been elucidated regarding the actual steps during nodulation (27, 56) and the metabolic pathways utilized while in the bacteroid state (39) , comparatively little is known about what influences the growth of the bacteria prior to or during their interaction with plant roots.
The rhizosphere has been described as the region directly under the influence of secreted compounds from the plant root (12) . Competition for nodule occupancy exists between strains of Rhizobium within the rhizosphere and has been well documented in the literature (16, 54) . A large number of biotic and abiotic factors influence competition between strains for nodule occupancy. Some of the best-characterized strain-dependent factors include production of antibiotics and bacteriocins (36, 42, 57) and the ability to catabolize specific compounds present in the root environment (11, 13, 18, 22, 23, 35, 43, 49, 55) , as well as the synthesis or utilization of specific vitamins (38, 50) .
Rhamnose is a methyl-pentose sugar and is found as a constituent of pectin in the form of rhamnogalacturonan within the cell walls of dicotyledonous plants (28) . It has also been found in the mucilage of a number of legume plants (26) . R. leguminosarum mutants unable to utilize rhamnose as a sole carbon source were found to be significantly impaired in their nodulation competitiveness (35) . The reason for the uncompetitive nature of these mutants is not understood. It was hypothesized that if the genetic region responsible for the catabolism of rhamnose were characterized, a better understanding of why these mutants were uncompetitive could be achieved. The objective of the present work, therefore, was to identify and characterize the genes in this region.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids used and generated in this work are listed in Table 1 . R. leguminosarum strains were routinely grown at 30°C on TY as a complex medium (8) and VMM (58) as a defined medium. Glycerol, glucose, or rhamnose (or a combination of two of these sugars) was used instead of mannitol as a carbon source in VMM, according to the needs of individual experiments. Carbon sources were filter sterilized and added to defined media to a final concentration of 15 mM or 0.4% (wt/vol). When required, antibiotics were added to solid or liquid media at the following concentrations: tetracycline (Tc), either 10 or 5 g ml Ϫ1 ; neomycin (Nm), 200 g ml Ϫ1 ; streptomycin, 200 g ml Ϫ1 ; gentamicin, either 15 or 30 g ml Ϫ1 ; ampicillin, 100 g ml Ϫ1 ; kanamycin, 50 g ml Ϫ1 . Bacterial growth was monitored spectrophotometrically at 600 nm.
DNA manipulations, Southern blot analysis, and constructions. Standard techniques were used for plasmid isolation, restriction enzyme digestion, and agarose gel electrophoresis (46) . For Southern analysis, genomic DNA was isolated using a slightly modified version of the protocol outlined by Meade et al. (29) , as has been previously described (34) .
Genomic DNA for Southern blot hybridizations was restricted to completion with SalI and electrophoresed through a 0.8% agarose gel using 1ϫ Tris-acetate-EDTA buffer. DNA was transferred onto nylon membranes (Roche Diagnostics, Laval, Quebec, Canada) overnight by alkaline transfer (46) , neutralized using 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and hybridized overnight with digoxigenin-labeled probes. Hybridization was done at 68°C overnight, and membranes were washed two times for 5 min with 2ϫ SSC-0.1% sodium dodecyl sulfate (SDS) at room temperature and two times for 15 min at Southern blotting probes were constructed by digesting a plasmid pW3C1 (isolated from Rlt100 genomic library) with EcoRI. The fragments used as probes were labeled with digoxigenin (Roche Diagnostics) as suggested by the manufacturer.
Construction of pMR53 was accomplished in two steps. First, PCR amplification of rhaR was achieved by using the primers RhaR5Ј (5Ј-ATATCTGCAGA AGGAGTTGATCAATGCACGAACGCGAACGC-3Ј) and RhaR3Ј (5Ј-ATAT GAATTCCCCGGGTCATCGGACCGACGAGGA-3Ј) and pW3C1 as the template. The RhaR5Ј primer contained a BclI site immediately preceding the predicted ATG start site and a ribosome binding site with optimal spacing from the ATG. The amplification product was cloned into pBluescript II SK using the PstI and EcoRI restriction sites that were incorporated into the primers, yielding pMR41. This construct was verified by nucleotide sequencing. pMR53 was subsequently generated by subcloning the PstI/EcoRI fragment from pMR41 into pRK7813.
Construction of pMR28 was carried out by amplifying the coding region of rhaK using the primers RhaK5Ј (5Ј-ATAGGATCCATGACCGCCAGTTCCTA TC-3Ј) and RhaK3Ј (5Ј-ATAAAGCTTCTATGCCATCGCCGCGTA-3Ј) utilizing pW3C1 as a template. The amplification product was cloned as a BamHI/ HindIII fragment into pBluescript II SK by utilizing the restriction sites that were introduced into the primers. The construct was verified by nucleotide sequencing.
Genetic manipulations. Isolation of Tn5, Tn5B20, and TnphoA inserts was carried out by using strains MT614, EcA101, and MT620, respectively, as previously described (14, 17, 61) . Briefly, pW3C1, which had previously been shown to complement Rlt101 for its inability to utilize rhamnose as a sole carbon source (35) , was introduced into each of these strains and subsequently mobilized into Rlt101. Tc r and Nm r transconjugants were screened for the inability to complement. Transposon inserts of interest were subsequently subcloned into pBluescript II SK such that DNA flanking the insert could be sequenced by utilizing an IS50 primer (5Ј-TAGGAGGTCACATGGAAGTCAGAT-3Ј).
Gene replacement experiments were accomplished either by the use of pJQ200SK (41) or by the use of the incompatible plasmid pPH1JI (9) essentially as described by Ruvkun and Ausubel (45) . Correct replacement of the wild-type gene was confirmed by Southern blot analysis of genomic DNA cut with SalI and probed with pW3C1.
The construction of rhaD/rhaK and rhaI/rhaK double mutants was accomplished by isolating the internal 465-bp EcoRI fragment from rhaK and ligating it into pKNOCK-Tc (2), yielding pMR146. pMR146 was subsequently conjugated into strains Rlt105 and Rlt124, which contained rhaD1 and rhaI31 alleles, respectively. Single crossovers of pMR146 in either Rlt105 or Rlt124 were selected on TY agar containing Nm and Tc. A number of colonies were purified and checked by Southern hybridization to ensure correct integration into rhaK. Two strains, Rlt211 and Rlt212, containing rhaD1/rhaK58 and rhaI31/rhaK58, respectively, were subsequently used.
DNA sequencing and sequence analysis. The rhamnose catabolism region was sequenced by a combination of sequencing the DNA flanking Tn5 inserts in pW3C1 that had lost the ability to confer growth on rhamnose on strain Rlt101, as well as primer walking to fill in gaps. Sequencing reactions were done using dye terminators at the University of Calgary Core DNA Services by using an ABI automated sequencer. Sequence data were analyzed using DNASIS (Hitachi Software Engineering Co., San Bruno, Calif.). Database searches were done using the BLASTX program (3). Both strands were completely sequenced, and the sequence has been deposited in the GenBank database.
RNA isolation, RNA probe preparation, and RNA dot blots. Rapid isolation of RNA was accomplished as previously described (4) with the following modifications: 500 ml of cells was used for the isolation, an additional phenol-chloroformisoamyl alcohol (24:25:1) extraction was added, and the final resuspension contained 40 U of RNaseOUT (GibcoBRL, Life Technologies). The concentration of RNA for each preparation was determined by assaying an adequate dilution at 260 nm by using a Shimadzu MultiSpec-1501 instrument. The quality of the prep was also visualized by running the sample on a denaturing agarose gel.
To generate gene-specific RNA-labeled probes utilizing digoxigenin, an in vitro labeling kit utilizing either T3 or T7 polymerase was utilized as recommended by the manufacturer (Roche Diagnostics). Briefly, constructs containing the desired open reading frames (ORFs) were linearized with an appropriate enzyme and RNA was synthesized using either T3 or T7 RNA polymerase. To generate a rhaR-specific probe, pMR41 was linearized with PstI, and T7 RNA polymerase was used. pMR28 was linearized with BamHI, and T7 RNA polymerase was used to generate a rhaK RNA probe. Probes specific for rhaS and rhaT were generated by digesting pMR49 and pMR51 with SalI, and T3 RNA polymerase was used for both. Dot blots were carried out by first quantitating the RNA (by the optical density at 260 nm [OD 260 ]), adjusting the concentration of the isolated RNA such that all would be at an equivalent concentration, and serially diluting each sample (using diethyl pyrocarbonate-treated double-distilled H 2 O-20ϫ SSC-formaldehyde in the ratio of 5:3:2). These were subsequently boiled for 5 min, quenched on ice, and spotted on a positively charged nylon membrane (Roche Diagnostics). Samples were applied such that equivalent volumes with identical concentrations of RNA were applied to the membranes. Samples were cross-linked using UV light, and hybridizations were carried out at 68°C overnight. Washes and chemiluminescent detection were carried out as suggested by the manufacturer (Roche Diagnostics). Results were obtained by autoradiography as well as chemiluminescent analysis (FluorChem version 0.2.01; Alpha Innotech Corporation). Signals were quantitated by using the linear portion of the phosphorimager data as well as by using NIH Image version 1.62 (National Institutes of Health).
␤-Galactosidase activity. Rhizobium cultures containing active fusions were assayed following an overnight induction with rhamnose. Cultures used for assays were first grown overnight in TY and then used to inoculate a fresh broth culture of defined medium supplemented with 15 mM glycerol and 15 mM rhamnose. Cells were grown overnight in VMM-glycerol-rhamnose broth to mid-log phase (OD 600 of approximately 0.5) and were assayed as described by Miller (30) . Cultures were assayed in duplicate, and a minimum of three independent cultures was used for each experiment. ␤-Galactosidase activity was shown to be linear over the duration of the assay (data not shown).
Rhamnose transport assay. Radioactive [ 3 H]rhamnose (5 Ci/mmol) was purchased from American Radiolabeled Chemicals Ltd. (St. Louis, Mo.). Strains were grown for 20 h in 5-ml cultures and then subcultured into 50 ml of VMMglycerol-rhamnose. Cells were harvested by centrifugation (5,000 ϫ g for 10 min) at mid-log phase (OD 600 ϭ 0.5 to 0.7), washed twice in VMM-glycerol, and resuspended in this medium to a final OD 600 of ϳ0.3 in a total volume of 10 ml. Transport assays were initiated by the addition of tritiated rhamnose to a final concentration of 2 M (125,000 dpm), and aliquots of 0.5 ml were withdrawn at appropriate time points and rapidly filtered through a Millipore 0.45-m Hv filter on a Millipore sampling manifold. Filtered cells were immediately washed with 5 ml of the defined salts medium, and the radioactivity that remained on the filter was determined using a liquid scintillation spectrophotometer (Beckman LS6500). Samples were taken every 20 s and continued for up to 2 min. Transport rates were generally linear over the first minute of the assay. Linearity, however, Nucleotide sequence accession number. The sequence data for the rhamnose region of R. leguminosarum bv. trifolii strain Rlt100 have been submitted to the GenBank database and assigned accession number AF085687.
RESULTS

Rhamnose locus contains catabolic and transporter genes.
The cosmid pW3C1 was isolated from a cosmid bank constructed from the wild-type Rlt100 on the basis of its ability to complement Rlt101 for its inability to utilize rhamnose as a sole carbon source (35) . To delineate the region necessary for the complementation phenotype, random transposon mutagenesis was carried out on pW3C1 utilizing Tn5, Tn5B20, and TnphoA, and a total of 56 independent mutants were isolated, mapped, and recombined into Rlt100 (Fig. 1) . The entire region on pW3C1 was sequenced on both strands by a combination of sequencing the DNA flanking each of the transposon inserts as well as primer walking. The rhamnose region spans 10,959 bp. The DNA sequence revealed the presence of nine plausible ORFs apparently arranged as at least two divergently transcribed units. The genes rhaD and rhaI are transcribed in one direction, whereas the genes rhaR, rhaS, rhaT, rhaP, rhaQ, rhaU, and rhaK are divergently transcribed (Fig. 1) .
The genes rhaD and rhaI code for a putative oxidoreductase and a putative sugar isomerase, respectively. RhaD is predicted to be a 698-amino-acid protein that has 87% identity with a similar hypothetical oxidoreductase in Agrobacterium tumefaciens. Analysis with the Conserved Domain Architecture Retrieval tool (21) of the translated peptide revealed that this protein contains two domains, a short-chain dehydrogenase domain as well as a type II aldolase domain. A putative NAD ϩ binding site was also predicted to exist. A gap of 193 bp was found between the rhaD and rhaI genes. The RhaI protein is predicted to be a 430-amino-acid sugar isomerase showing 84% identity to the predicted product of a similar gene from A. tumefaciens. Transposon inserts yielding mutants unable to use rhamnose were not found beyond rhaI, and sequencing beyond rhaI did not reveal any further ORFs which might be associated with rhamnose utilization.
Genes rhaRSTPQUK were found to be oriented divergently from rhaDI (Fig. 1) . The rhaR gene encodes a 270-amino-acid protein that displays 79% identity to a DeoR-type negative regulator from A. tumefaciens and 68% identity to Mesorhizobium loti and Sinorhizobium meliloti DeoR-type negative regulators. Following the regulator gene, separated by 46 bp, is rhaS. The gene rhaS encodes a potential periplasmic sugar binding protein. The genes rhaTPQ encode an ABC-type protein followed by two permeases, respectively. The genes rhaS and rhaT are separated by 73 bp, whereas the intergenic spaces between rhaT and rhaP and between rhaP and rhaQ are 9 and 36 bp, respectively. We note that the intergenic region between rhaS and rhaT appears to have a palindromic sequence that has the potential to form a hairpin loop consisting of a 10-bp GC-rich stem with a 4-bp loop. This structure has a predicted ⌬G 0 value of Ϫ24.4 kcal/mol and a predicted T m of 126°C.
The genes rhaU and rhaK follow rhaQ. The start site of rhaU is predicted to overlap the stop codon of rhaQ (ATGA). BLASTX analysis of RhaU shows that this protein is similar to hypothetically conserved proteins that are found in a wide variety of Eubacteria. These genes are all classified as being similar to yulD from Bacillus subtilis. Interestingly, the gene yulD is found in a cluster of genes that resemble the rhamnose catabolic operon in Escherichia coli. There is no ascribed function to the gene product of yulD in any organism.
The final gene in this region is rhaK. RhaK is predicted to encode a 460-amino-acid protein that is 74% similar to a putative rhamnose kinase from A. tumefaciens. The rhaK predicted ORF overlaps the stop codon of rhaU (ATGA). No transposon inserts were isolated beyond rhaK that led to an inability of pW3C1 to complement Rlt101. BLASTX analysis of the nucleotide sequence following rhaK did not reveal any significant homologies, suggesting that rhaK was on a terminal end of the rhamnose-complementing region.
It is of interest that there are clusters of genes in both A. tumefaciens (59) and S. meliloti (19) that appear to correspond very closely to the rhamnose utilization gene cluster we have identified here. The order of the genes is precisely conserved, as is the presence of the stem-loop structure between rhaS and rhaT. However, the genetic context of the gene clusters is highly different in the three bacteria. In A. tumefaciens C58 they are located on the linear chromosome (Atu3484 to Atu3492) and are flanked by panCB and a predicted nonheme haloperoxidase, whereas in S. meliloti 1021 they are chromosomally encoded (Smc02321 to Smc03003) and located immediately adjacent to the chemotaxis operon. This is in contrast to both strains of R. leguminosarum, Rlt100 and 3841, in which the genes are located on a large plasmid (35) . A comparison with the R. leguminosarum 3841 genomic sequence, currently being sequenced at the Sanger Center (http://www.sanger-.ac.uk/Projects/R_leguminosarum/), reveals a similar organization of the rha genes to that reported here, and the predicted proteins encoded by the strain 3841 sequence are 88 to 96% identical to those from Rlt100. It is of note that the genes are found in an entirely different context in these three related members of the Rhizobiaceae family.
The rhamnose region contains two complementation groups. Sequence analysis of the rhamnose region revealed several intergenic gaps that could contain putative promoters. To address the possibility that multiple transcripts were produced in this region, representative insertion mutants for each gene (carried on either pW3C1 or pW3A) were chosen and a complementation analysis was carried out ( Table 2 ). The results clearly showed that although an intergenic gap of 193 bp exists between rhaD and rhaI, these two genes are in one transcriptional unit. Similarly, the 46-and 76-bp intergenic regions that exist between rhaR/rhaS and rhaS/rhaT, respectively, do not contain independent promoters, and all the genes transcribed divergently from rhaDI appear to constitute a single transcript ( Table 2) .
Regulation of rhaRSTPQUK. Initial regulatory experiments have been previously carried out utilizing the rhaD1 allele either on a plasmid or as a single-copy chromosomal recombinant (35) . Those data showed that rhaD1 was induced by rhamnose and clover root exudate but repressed by glucose (35) . Since the rhaRSTPQUK transcript contained a regulatory gene and components that could be used for the transport and catabolism of rhamnose, it was of interest to examine the expression of this region by using representative Tn5B20 fusions that were spread out across the transcriptional unit (Table 3).
All the strains carrying fusions in this unit showed higher activity when grown in the presence of rhamnose than in the presence of glucose (Table 3) . Strains Rlt128 and Rlt151, containing rhaP36::Tn5B20 and rhaQ38::Tn5B20, showed an induction of 28-and 13-fold, respectively. The results suggested that transcription of the operon was induced by the presence of rhamnose and that rhaPQ were essentially not transcribed under noninducing conditions.
Fusions to rhaK showed low levels of ␤-galactosidase activity. Initially, Rlt146 carrying rhaK52::Tn5B20 was assayed and showed a low induction. To ensure that induction was indeed occurring, two additional rhaK alleles, rhaK40::Tn5B20 and rhaK50::Tn5B20 in strains Rlt131 and Rlt144, were also assayed. Consistent with the results with Rlt146, these fusions also showed reproducible low fusion activity that showed between a two-and fivefold increase of ␤-galactosidase activity when grown in the presence of rhamnose (Table 3) . Low ␤-galactosidase activity was also observed when these alleles were present on the multicopy plasmid pW3C1 in a Rlt100 background (data not shown).
In contrast to the activity found with fusions to either of the permease genes or the kinase gene, rhaR25::Tn5B20 in strain Rlt117 had very high activity under noninducing conditions (Table 3) . However, this fusion also showed induction in the presence of rhamnose. The rhaR25 fusion showed the same high activity when grown on glucose regardless of whether it was integrated into the chromosome or present on a multicopy plasmid (Tables 3 and 4) . RhaR is a negative regulator. Sequence analysis of rhaR suggested that this gene encodes a DeoR-type negative regulator (32) . To show that RhaR acts as a negative regulator, it was reasoned that operon basal activity should increase if a strain lacking rhaR were constructed. To test this hypothesis, pMR73 carrying rhaR25::Tn5B20 was mobilized into both the wild-type Rlt100 as well as Rlt101 which was missing the entire rhamnose region. The results showed that in the absence of a functional copy of RhaR, fusion activity, as measured by rhaR25, increased 2.4-fold when the strain was grown on defined medium with glucose (Table 4 , Rlt153 versus Rlt154). This is comparable to the level of induction seen when the wild-type Rlt100 carrying the fusion rhaR25 is grown in the presence of rhamnose (Table 4 ). The fusion activity of rhaR25 in a strain devoid of rhaR was still inducible and in fact appeared to induce to higher levels (Table 4) . These data are also consistent with the levels observed for Rlt117, which is also lacking functional RhaR (Tables 3 and 4) .
To provide additional evidence that RhaR is a negative regulator, it was reasoned that if RhaR were overexpressed in a rhaR25 background, the overall transcriptional activity should be reduced. To test this, the entire coding region of rhaR was PCR amplified and cloned into pRK7813, such that it would be transcribed constitutively from the p lac present as part of the multiple cloning site. To ensure expression, a ShineDalgarno sequence was also added. The introduction of this construct, pMR53, into Rlt117 reduced the expression of a chromosomal copy of rhaR25 by approximately 17-fold when grown on glucose (Table 4 , Rlt117 versus Rlt197). However, it was observed that even with the overexpression of RhaR in Rlt197, the rhaR25 fusion was still inducible by rhamnose. Together, these data suggest that the induction of this operon is independent of the negative regulation provided by RhaR (Table 4) .
Transcription extends past rhaR but not beyond rhaS under noninducing conditions. Analysis of the transcriptional fusion data suggested that the transcriptional pattern of rhaR was very different from that of the rest of the transcript (Table 3) . However, mutations in rhaR were shown to be polar on rhaST-PQUK (Table 2 ). This suggests that a level of control must exist to allow differential transcription of the promoter-proximal genes relative to distal genes in this operon (Fig. 1) . It was hypothesized that the putative hairpin loop that had a similarity to a transcriptional terminator might play a role in the regulation of this operon by preventing high levels of transcription beyond rhaS when the bacteria are grown under noninducing conditions.
To provide direct physical evidence to support this hypothesis, transcriptional analysis was carried out using RNA dot blot analysis. Individual RNA probes corresponding to rhaR, rhaS, rhaT, and rhaK were generated and used to probe RNA isolated from both Rlt100 and Rlt100(pW3C1) grown on defined media with either glycerol-glucose or glycerol-rhamnose. The data from these experiments showed that the steady-state mRNA ratios under noninducing conditions compared to those for full induction for rhaR, rhaS, rhaT, and rhaK were 0.24 Ϯ 0.03, 0.13 Ϯ 0.02, 0.03 Ϯ 0.01, and 0.04 Ϯ 0.01, respectively (mean Ϯ standard deviation). These data are consistent with the hypothesis that the hairpin loop found in the intergenic region between rhaS and rhaT plays a role in attenuating further transcription into the operon (Fig. 2) . Moreover, RNA isolated from Rlt117 (containing rhaR25) grown in either the presence of glucose or rhamnose and probed with either rhaS, rhaT, or rhaK did not show any hybridization (data not shown). This also provides further evidence that all genes in this transcript are transcribed from a single promoter.
Transport of rhamnose is inducible and is carried out by the ABC transporter. Sequence analysis suggested that rhaSTPQ might code for an ABC-type transporter. To show functionality, transport assays utilizing tritiated rhamnose were carried out. Strain Rlt100, when grown in the presence of rhamnose, was able to take up tritiated rhamnose from the culture medium (Fig. 3A) . However, when Rlt100 was grown in the presence of glucose, the amount of tritiated rhamnose uptake was not above background levels.
To further characterize the rhamnose transport system, experiments were carried out to determine the K m for rhamnose transport. The K m for rhamnose uptake in Rlt100 was found to be approximately 13 Ϯ 2 M (n ϭ 4) (data not shown).
Naturally occurring sugars are generally found in a D con- a The values given represent ␤-galactosidase activity expressed in Miller units following overnight growth in defined media with either glucose-glycerol or rhamnose-glycerol as carbon sources. Values are the average of at least four independent replicates except for Rlt117, which is an average of three independent replicates; values in parentheses represent standard errors.
b Induction was calculated by dividing activity in the presence of rhamnose by the activity in the presence of glucose.
c Rlt154 ϭ Rlt100(pMR73).
figuration. The exceptions to this are the naturally occurring sugars L-rhamnose, L-fucose (which is also a methyl-pentose), and L-arabinose. These sugars are also aldoses, which are found as constituents of plant cell walls (28) . To determine specificity of the rhamnose transporter, a series of inhibition experiments was carried out using tritiated rhamnose and an excess of unlabeled rhamnose, fucose, or arabinose. It was determined that the transport of tritiated rhamnose was not inhibited by either L-fucose or L-arabinose, even if these were present at a 100-fold excess with respect to the tritiated rhamnose. The transport of tritiated rhamnose, however, was reduced to 13% with a 7.5-fold excess of unlabeled rhamnose and completely inhibited at a 75-fold excess (data not shown).
To determine if the proteins encoded by rhaSTPQ were responsible for the ability of Rlt100 to transport rhamnose, strains Rlt112, Rlt106, Rlt128, and Rlt151, corresponding to mutations in rhaS, rhaT, rhaP, and rhaQ, respectively, were tested for their ability to transport rhamnose. In all cases, the mutants were unable to take up the labeled rhamnose from the medium (Fig. 3B) .
Additionally, Rlt117 as well as Rlt105 were assayed for their ability to transport rhamnose. It was found that Rlt117, which has an insertion upstream of rhaSTPQ, was unable to transport rhamnose (Fig. 3B) , whereas Rlt105, which carries a mutation in the rhaDI transcript, had transport rates similar to that of wild-type Rlt100 (data not shown).
Catabolism of rhamnose follows a novel pathway. The catabolism of rhamnose has been studied at both the biochemical and genetic levels in E. coli. The pathway has been shown to proceed by an isomerization of rhamnose to yield rhamnulose and then a phosphorylation to give rhamnulose-1-phosphate, followed by an aldolase reaction which cleaves the rhamnulose-1-phosphate to give dihydroxy-acetone phosphate and lactaldehyde (40, 47, 52, 53) .
In E. coli, a biochemical lesion in a catabolic pathway following the synthesis of a phosphorylated sugar intermediate can give rise to a conditional lethal phenotype if the bacterium is grown on a medium that contains a noninducing carbon source that can be catabolized. This particular phenomenon was first shown with respect to galactose utilization in E. coli. Galactose utilization is carried out by the subsequent actions of three enzymes, GalK (galactose kinase), GalT (galactose-1-phosphate uridyl transferase), and GalE (UDP-galactose 4-epimerase), which convert galactose first to galactose-1-phosphate, then to UDP-galactose, and finally to glucose-1-phosphate. Whereas galK mutants are able to grow in the presence of glycerol and galactose, galE and galT mutants are sensitive to galactose in the presence of glycerol. This sensitivity is correlated with the accumulation of intermediates of this pathway: galactose-1-phosphate and/or UDP-galactose (1, 51) . An analogous growth inhibition and accumulation of rhamnulose-1-phosphate have also been demonstrated to take place in the rhamnose catabolic pathway (40) .
Since the gene order as well as the predicted functions of the ORFs in Rlt100 differed from those of the E. coli rhamnose operon, we wished to determine whether the catabolism of this methyl-pentose followed the same biochemical pathway. To determine this, R. leguminosarum rhaI, rhaD, and rhaK mutants were tested for their ability to grow on rhamnose, rhamnose-glycerol, and glycerol defined medium. The results showed that, as expected, rhaK mutants were able to grow on glycerol-rhamnose medium (Table 5 ). However, rhaD and rhaI mutants were unable to grow on glycerol-rhamnose (Table 5) . Taken together, these data suggest that unlike E. coli, where the first step of the catabolic pathway is an isomerization, the first step in the catabolism of rhamnose in R. leguminosarum strain Rlt100 is a phosphorylation.
It was hypothesized that if RhaK were indeed the first step FIG. 3 . Rhamnose transport experiments. Strains were grown to mid-log phase in defined medium containing either glucose-glycerol (open symbols) or rhamnose-glycerol (closed symbols), and initial uptake rates were determined using [ 3 H]rhamnose. Symbols: squares, Rlt100 (wild-type); diamonds, Rlt117 (rhaR25); triangles, Rlt112 (rhaS17); circles, Rlt106; ϩ, Rlt151 (rhaQ38); X, Rlt128 (rhaP36). (A) Comparison of rhamnose uptake by Rlt100 grown on rhamnoseglycerol or glucose-glycerol. (B) Comparison of uptake of induced wild-type and representative mutants. Note that symbols for the mutants are so low that they are superimposed. The data represent the averages of three independent experiments. Experiments in both panels were carried out at the same time. Error bars are smaller than the symbols in all cases. were constructed. When these strains were tested on glycerolrhamnose medium, the results showed that both of these strains were able to grow (Table 5 ). These data are consistent with the hypothesis that in R. leguminosarum, RhaK and not RhaI is the first biochemical step in the catabolism of rhamnose.
DISCUSSION
Genes involved in the transport and catabolism of rhamnose in R. leguminosarum bv. trifolii strain Rlt100 are plasmid encoded and are necessary for the bacterium to be competitive for nodule occupancy (6, 35) . Sequence analysis of this region was consistent with the hypothesis that the locus contained two transcripts, rhaDI and rhaRSTPQUK. The analysis was ambiguous, however, because intergenic regions that could contain promoters existed within the putative rhaRSTPQUK transcript (Fig. 1) , and ␤-galactosidase fusion analysis showed differential expression (Table 3) . It was therefore of interest to determine whether these genes were in one transcript. Based on the isolation of transposon inserts in a negative regulator, RhaR (Fig. 1) , the inability of Rlt117, which carries the polar rhaR25 allele, to transport rhamnose (Fig. 3) , the complementation data (Table 2) , and the lack of detectable mRNA for genes distal to rhaR25, we conclude that rhaRSTPQUK is transcribed as a single transcript.
The transcription of the rha::lacZ fusions in the rhaRST-PQUK operon can be roughly divided into three groups: the activity exhibited by rhaR25::Tn5B20 (Tables 3 and 4) , the activity exhibited by rhaP36::Tn5B20 and rhaQ38::Tn5B20, and that of fusions in rhaK (Table 3) . Stoichiometric balance between components of an ATP binding cassette transport system is often necessary for correct functioning. As such, it is not unexpected to find ABC transporter operons organized such that components that need to be found in higher concentrations are encoded by genes which are found at the 5Ј end of an operon (10, 15) .
The in vivo activity of RhaR is consistent with its sequence analysis as a DeoR-type negative regulator (Table 4) . Transcriptional activity of the rhaR25 fusion responds to the absence or presence of RhaR with corresponding increases or decreases in assayed activity. It is of interest that although the basal activity of a strain carrying the rhaR25 fusion grown on glucose can be manipulated to increase or decrease with respect to the absence or presence of RhaR, this fusion is still inducible by rhamnose (Table 4 ). The complete absence of RhaR leads to a large increase in the rate of transcription of rhaR as measured by the rhaR25 fusion allele (Tables 3 and 4) . This argues that the regulation of the rhaR transcript is under two levels of control, a negative regulator, RhaR, as well as another regulator that is not encoded on genes found within this region. It is also of note that induction in Rlt117 is occurring even though we are unable to detect the transport of rhamnose into the cell (Fig. 3) . The presence of hairpin attenuators has been previously described in a number of operons (5, 44) . RNA dot blot experiments were carried out to address whether the hairpin-like sequence that is found in the intergenic region between rhaS and rhaT was correlated with the lack of activity of fusions found distal to rhaS when grown in the presence of glucose ( Table 3 ). The data clearly show that transcription drops off dramatically between rhaS and rhaT (Fig. 2) . The mechanism(s) by which antitermination might occur under inducing conditions in the rhaRSTPQUK operon is at present unknown.
The RNA dot blot data also show that the gene for the sugar binding component, rhaS, is also expressed when Rlt100 is grown in the presence of glucose. Assuming transcription is proportional to translation, this would indicate that under noninducing conditions RhaS is present in the periplasm. The presence of the periplasmic binding component under noninducing conditions suggests that this protein may play a role in addition to transport. Sugar binding proteins have been shown to participate in signal transduction cascades in chemotaxis (7, 20, 25, 33, 63) and in activation of other gene regulation pathways (37) in addition to being substrate recognition proteins for ABC transporters. Tests using a previously described swarm plate assay (62) to evaluate whether strains carrying a rhaS mutation had altered chemotaxis toward rhamnose found no difference between these strains and the wild type (data not shown).
The ␤-galactosidase fusion data from three independent rhaK alleles, either integrated into the chromosome (Table 3) or as plasmids in a wild-type background, yielded values that were consistently lower than for any other alleles in the operon. Dot blot data, however, clearly showed that induction of rhaK occurs when grown in the presence of rhamnose (Fig.  2) . The data are consistent with a lower rate of transcription through rhaK, which in turn may play a role in limiting the amount of RhaK that is produced. It is possible that RhaK is a very stable or a very active protein, and therefore the gene does not need to be transcribed at the same level as the transporter. We have, however, shown that strains carrying rhaD and rhaI mutations have a sensitivity phenotype if they are grown on rhamnose-glycerol that is rhaK dependent ( Table 5 ). The phenotype is presumably due to the buildup of a phosphorylated intermediate (1, 40, 51) . Since it is highly unlikely that the bacterium would ever encounter a situation where it would entirely depend upon rhamnose as its sole source of Transport experiments using tritiated rhamnose show that the wild-type strain Rlt100 does not take up rhamnose when grown in the presence of glucose and that transport is inducible by the presence of rhamnose. The inducible nature of the transporter is consistent with the regulatory studies carried out with the genetic fusions as well as the RNA dot blot assays. The inability of representative mutants in the regulator and the components of the ABC transporter to take up labeled rhamnose demonstrate that the operon containing the ABC transporter is necessary for the transport of rhamnose and that a secondary transporter for this sugar is not present or is not expressed under the growth conditions being utilized. Mutants carrying lesions in rhaD or rhaI were able to transport rhamnose, although they were unable to grow on the sugar as a sole carbon source (data not shown).
The biochemical pathway for the catabolism of methyl-pentoses is relatively well understood in enteric bacteria, and this model has been assumed to be true for all organisms. The simple phenotypic testing of representative mutants in Rlt100 unable to grow using rhamnose as a sole carbon compound suggests that the pathway order, and hence the order of the biochemical reactions, may not be conserved. The simplest interpretation of our data suggests that following transport of rhamnose into the cell the first catabolic step is the phosphorylation of rhamnose and not an isomerization to yield a ketosugar, as seen in E. coli. Although the position of a gene does not imply the order of a biochemical pathway or its function, it may be a noteworthy observation that the kinase is found in the same transcript as the sugar transporter, suggesting that the primary catabolic step may work in concert with the transport of the sugar.
Since the pathway appears to be initiated with the phosphorylation of rhamnose rather than rhamnulose, the presumed substrates of each of the subsequent enzymatic steps are currently unavailable commercially, making it difficult to demonstrate biochemical activity for either the isomerase or the dehydrogenase-aldolase. Nevertheless, we attempted to develop a coupled in vitro assay to demonstrate dehydrogenase-aldolase activity utilizing a rhamnose-induced cell extract, ATP, rhamnose, and NAD(P)
ϩ . The goal of such an assay would be to test strains carrying either a dehydrogenase or an isomerase mutation and thus be able to order the pathway. We were unsuccessful in our attempts. Presumably, either the quantity of the product from the kinase and/or the isomerase reaction may have been insufficient to act as a substrate for the dehydrogenase reaction, or a necessary cofactor was absent. Our work in this area is ongoing.
In this report we have characterized a locus necessary for rhamnose catabolism and determined that in R. leguminosarum bv. trifolii rhamnose transport is inducible and dependent on an ABC-type transporter that is regulated by a DeoR-type negative regulator. As well, a level of transcriptional regulation may be due to a hairpin loop located in the rhaRSTPQUK transcript that may aid in expression of genes needed for uptake and catabolism at levels proportional to the amount of each individual protein required. Additionally, we have shown that the catabolism of rhamnose follows a novel pathway that to our knowledge has not been previously described. We are currently focusing our work on understanding the molecular aspects of rhamnose catabolism and regulation in R. leguminosarum. By understanding these fundamental aspects, it is hoped that we can achieve a better understanding of how these mutants grow in the rhizosphere and why their inability to catabolize rhamnose leads to a noncompetitive nodulation phenotype.
